In response to genotoxic stress, the tumor suppressor protein p73 induces apoptosis and cell cycle arrest. Despite extensive studies on p73-mediated apoptosis, little is known about the cytoplasmic apoptotic function of p73. Here, using H1299 lung cancer cells and diverse biochemical approaches, including colony formation, DNA fragmentation, GST pulldown, and apoptosis assays along with NMR spectroscopy, we show that p73 induces transcription-independent apoptosis via its transactivation domain (TAD) through a mitochondrial pathway and that this apoptosis is mediated by the interaction between p73-TAD and the anti-apoptotic protein B-cell lymphoma-extra large (Bcl-X L or BCL2L1). This binding disrupted an interaction between Bcl-X L and the pro-apoptotic protein BH3-interacting domain death agonist (Bid). In particular, we found that a 16-mer p73-TAD peptide motif (p73-TAD16) mediates transcription-independent apoptosis, accompanied by cytochrome c release from the mitochondria, by interacting with Bcl-X L . Interestingly, the structure of the Bcl-X L -p73-TAD16 peptide complex revealed a novel mechanism of Bcl-X L recognition by p73-TAD. We observed that the ␣-helical p73-TAD16 peptide binds to a noncanonical site in Bcl-X L , comprising the BH1, BH2, and BH3 domains in an orientation opposite to those of pro-apoptotic BH3 peptides. Taken together, our results indicate that the cytoplasmic apoptotic function of p73 is mediated through a noncanonical mode of Bcl-X L recognition. This finding sheds light on a critical transcription-independent, p73-mediated mechanism for apoptosis induction, which has potential implications for anticancer therapy.
In response to genotoxic stress, the tumor suppressor protein p73 induces apoptosis and cell cycle arrest. Despite extensive studies on p73-mediated apoptosis, little is known about the cytoplasmic apoptotic function of p73. Here, using H1299 lung cancer cells and diverse biochemical approaches, including colony formation, DNA fragmentation, GST pulldown, and apoptosis assays along with NMR spectroscopy, we show that p73 induces transcription-independent apoptosis via its transactivation domain (TAD) through a mitochondrial pathway and that this apoptosis is mediated by the interaction between p73-TAD and the anti-apoptotic protein B-cell lymphoma-extra large (Bcl-X L or BCL2L1). This binding disrupted an interaction between Bcl-X L and the pro-apoptotic protein BH3-interacting domain death agonist (Bid). In particular, we found that a 16-mer p73-TAD peptide motif (p73-TAD16) mediates transcription-independent apoptosis, accompanied by cytochrome c release from the mitochondria, by interacting with Bcl-X L . Interestingly, the structure of the Bcl-X L -p73-TAD16 peptide complex revealed a novel mechanism of Bcl-X L recognition by p73-TAD. We observed that the ␣-helical p73-TAD16 peptide binds to a noncanonical site in Bcl-X L , comprising the BH1, BH2, and BH3 domains in an orientation opposite to those of pro-apoptotic BH3 peptides. Taken together, our results indicate that the cytoplasmic apoptotic function of p73 is mediated through a noncanonical mode of Bcl-X L recognition. This finding sheds light on a critical transcription-independent, p73-mediated mechanism for apoptosis induction, which has potential implications for anticancer therapy.
p73 is a member of the p53 family of transcription factors that plays key roles in tumor suppression (1) (2) (3) (4) . Apart from its unique function in neuronal development and differentiation (1, 5) , p73 induces apoptosis and cell cycle arrest through the transactivation of p53-responsive genes under conditions of genotoxic stress (1) (2) (3) (4) . These p53-like activities of p73 are based on the presence of highly homologous domains including transactivation domain (TAD), 5 proline-rich domain, DNAbinding domain, and oligomerization domain (Fig. S1A ). p73 exists in multiple isoforms, including a pro-apoptotic, transcriptionally active p73 isoform with TAD and an anti-apoptotic, delta-N p73 isoform lacking TAD (3) .
p73-mediated apoptosis was attributed to its nuclear transactivation of pro-apoptotic target genes, such as PUMA, Bax, and death receptor CD95 (6, 7) . However, p73 is also found to localize to the cytoplasm (8) or the mitochondria (9 -11) during apoptosis, suggesting a transcription-independent pro-apoptotic function of p73. The tumor suppressor Wwox caused the redistribution of p73 from the nucleus to cytoplasm, resulting in its pro-apoptotic activity through interaction between them (8) . During TRAIL-induced apoptosis, p73 and its fragments, generated by caspase-3 and caspase-8 cleavage, were localized to the mitochondria, and the transcription-inactive TAp73 mutant enhanced TRAIL-induced apoptosis (11) . In addition, the scaffolding protein RanBP9 was reported to physically interact with p73 and to increase mitochondrial p73 levels at both the transcriptional and post-translational modification levels, resulting in the cooperative induction of apoptosis at the mitochondria (9) . Although evidence for the involvement of p73 in transcription-independent apoptosis has been accumulated (4), a direct apoptogenic role of p73 has not been elucidated.
In recent years, p53 has been shown to directly induce mitochondrial apoptosis in the absence of its transcriptional activity (12) (13) (14) (15) . In response to apoptotic stimuli, p53 translocates to the mitochondria and activates the apoptotic effectors Bak or Bax, triggering the apoptotic signaling process via mitochondrial outer membrane permeabilization and cytochrome c release from the mitochondria. This transcription-independent apoptosis is inhibited by the sequestration of cytoplasmic p53 by anti-apoptotic Bcl-2 family member Bcl-X L (15, 16) . Recently, the p53 DNA-binding domain was shown to bind to Bcl-X L via a binding surface other than the B-cell lymphoma-2 homology 3 (BH3) peptide-binding groove (17) . Consistent with that only the p53 N-terminal domain (18) and the caspasecleaved N-terminal fragment of p53 (residues 1-186) induced transcription-independent apoptosis (19) , our previous studies also demonstrated that the p53-TAD interacts with diverse anti-apoptotic Bcl-2 family proteins via the p53-TAD1 or p53-TAD2 motifs (20 -22) . Although structural modeling studies of p53-TAD in complex with anti-apoptotic Bcl-2 family proteins were previously conducted (20 -22) , the exact structural information of the complexes remains unknown.
The Bcl-2 protein family is a critical regulator of the mitochondrial apoptosis pathway by controlling the permeability of the outer mitochondrial membrane and cytochrome c release (23, 24) . Anti-apoptotic Bcl-2 family proteins play their antiapoptotic role by sequestering pro-apoptotic BH3-only proteins such as PUMA, Bid, and Bim, which can activate the effectors Bak and Bax. This apoptotic regulation is mediated by the formation of inhibitory complexes between anti-apoptotic Bcl-2 family proteins and the BH3 domains of pro-apoptotic BH3-only proteins. Because blocking the interaction between anti-apoptotic and pro-apoptotic Bcl-2 family proteins is an attractive strategy for anticancer therapy (25) , the structures of the pro-apoptotic BH3 peptides bound to anti-apoptotic Bcl-2 family proteins have served as important templates for designing novel anticancer therapeutic agents such as ABT-737 (26) .
In this study, we showed that p73 induces transcription-independent apoptosis via its TAD by a mitochondrial pathway and that this apoptotic activity is modulated by anti-apoptotic Bcl-X L . We also demonstrated that a 16-mer p73-TAD peptide (referred to as p73-TAD16) mediates transcription-independent apoptosis through direct interaction with Bcl-X L . Using NMR spectroscopy, we determined the solution structure of the Bcl-X L -p73-TAD16 peptide complex. Interestingly, the complex structure exhibited a novel binding mode of Bcl-X L , which differs from a canonical binding mode between Bcl-X L and the pro-apoptotic BH3 peptides. Thus, our results provide a molecular basis for the transcription-independent p73-mediated apoptosis through Bcl-X L .
Results

p73-TAD induces transcription-independent apoptosis via a mitochondrial pathway
Previously, p53-TAD was found to be involved in the transcription-independent apoptosis of cytoplasmic p53 (18, 19) , which prompted us to test whether p73 can directly induce transcription-independent apoptosis via its TAD. We carried out a cell viability assay using H1299 lung cancer cells (27, 28) . When H1299 cells were transfected with full-length p73 (TAp73) and p73-TAD (residues 1-67), only ϳ50% of the cells expressing TAp73 or p73-TAD were viable compared with cells transfected with a control vector (Fig. 1a) . The effects of TAp73 or p73-TAD on cell viability were further confirmed by a colony-formation assay. The overexpression of p73-TAD in H1299 cells suppressed colony formation, albeit to a lesser extent than TAp73 (Fig. S2A) . As shown in the DNA fragmentation assay data (Fig. S2B) , analysis on the sub-G 1 population of H1299 cells transfected with either TAp73 or p73-TAD, which is indicative of apoptotic cells, showed that both constructs induced ϳ3-fold more apoptotic cell death than the control vector. In addition, results from the terminal deoxynucleotidyltransferase-mediated nick-end labeling (TUNEL) assay (Fig.  1b) , annexin V-APC staining by FACS analysis (Fig. 1c) , and caspase-3/7 activity assay (Fig. 1d ) confirmed that the cell death induced by TAp73 and p73-TAD is caspase-3/7-dependent apoptosis.
To exclude the effect of transcription-dependent apoptosis induction via the transactivation of TAp73, we performed cell viability assay and caspase-3/7 activity assays with a transcriptionally inactive TAp73 mutant, TAp73(A156V) (29) . The TAp73(A156V) mutant was competent to induce cell death but to a slightly lesser extent than that by TAp73 ( Fig. 1e and Fig. S2E ), confirming that the cell death effects of p73 are largely independent of transcription. Analysis of cytochrome c release from the mitochondria demonstrated that the transcription-independent apoptosis mediated by TAp73 and p73-TAD occurs via a mitochondrial pathway (Fig. 1f) . Taken together, our results showed that p73-TAD mediates transcription-independent apoptosis through a mitochondrial pathway.
p73-TAD physically associates with anti-apoptotic Bcl-X L
To test whether p73-TAD is involved in interactions with anti-apoptotic Bcl-2 family proteins, we performed a GST pulldown assay to probe the complex formation between p73-TAD and anti-apoptotic Bcl-2 family proteins (Fig. 2a) . When HEK293T cells were co-transfected with GST-tagged p73-TAD along with anti-apoptotic Bcl-2 family proteins Bcl-X L , Bcl-2, or Bcl-w, the protein complexes were pulled down with GSHagarose beads, indicating the complex formation between p73-TAD and these anti-apoptotic Bcl-2 family proteins. In addition, immunoprecipitation data showed that specific Bcl-X LTAp73 and Bcl-X L -p73-TAD complexes were formed when H1299 cells were co-transfected with Bcl-X L and either TAp73 or p73-TAD (Fig. 2b) . TAp73 overexpressed in the same cells was also found to bind to endogenous Bcl-X L (Fig. 2c) . To further confirm whether such protein complexes are formed A modified mode of Bcl-X L recognition by p73 between endogenous proteins, we conducted immunoprecipitation experiments using the same cells treated with the DNAdamaging agent etoposide (Fig. 2d) . Indeed, TAp73 formed specific endogenous interactions with Bcl-X L and Bcl-2. Conversely, endogenous TAp73 was not associated with the proapoptotic BH3-only proteins Bad, PUMA, Bik, Bid, and Bim (Fig. S3) .
To investigate the effect of Bcl-X L overexpression on the transcription-independent p73-mediated apoptosis, we performed cell viability and DNA fragmentation assays using Figure 1 . p73-TAD induces mitochondrial apoptosis in a transcription-independent manner. a, cell viability assay with TAp73 and p73-TAD. H1299 cells were transiently transfected with peGFP-C3-TAp73, peGFP-C3-p73-TAD, TAp73(A156V), or a control vector, and viable cells were measured using a WST-1 assay (n ϭ 6; p Ͻ 0.0001, compared with control). b, TUNEL assay with TAp73 and p73-TAD. H1299 cells transfected with the indicated plasmids were stained by TUNEL, and images of TUNEL-positive cells (red fluorescence) were captured by a confocal microscope. c, annexin V-APC apoptosis assay with TAp73 and p73-TAD. Apoptosis of H1299 cells transfected with the indicated plasmids was assessed by annexin V-APC and 7-AAD staining, followed by flow cytometry analysis. Percentages indicate the portion of cells in each quadrant that defines annexin V-APC-or 7-AAD-positive or -negative cells. d, caspase-3/7 activity measurements with TAp73 and p73-TAD. Caspase-3/7 activities were measured in H1299 cells transfected with peGFP-C3-TAp73, peGFP-C3-p73-TAD, or a control vector (n ϭ 3; p Ͻ 0.0005, compared with control). e, caspase-3/7 activity measurements with a transcriptionally inactive mutant, TAp73(A156V) (n ϭ 6; p Ͻ 0.0001, compared with control). f, cytochrome c release assay of TAp73 and p73-TAD. H1299 cells were transfected with the indicated plasmids, and the cytosolic and mitochondrial fractions from cell lysates were immunoblotted with either anti-cytochrome c or anti-GFP antibodies. GAPDH and VDAC1 were used as cytosol and mitochondrial fraction markers, respectively. The graphs in the lower panel represent relative band intensities. Each band intensity was normalized with respect to the GAPDH or VDAC1 band intensity in the same blot (n ϭ 4; p Ͻ 0.05, compared with control). All data are represented as means Ϯ S.D., and statistics were performed using one-way ANOVA test.
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Figure 2. p73-TAD binds to anti-apoptotic Bcl-X L . a, the interactions of p73-TAD and Bcl-X L , Bcl-2, and Bcl-w as determined by a GST pulldown assay. Lysates from HEK293T cells transfected with GST-tagged p73-TAD, and the indicated FLAG-tagged plasmids were subjected to GST-p73-TAD pulldown followed by immunoblotting with an anti-FLAG antibody. b, the interaction between TAp73 or p73-TAD and Bcl-X L . H1299 cells transfected with the indicated plasmids were immunoprecipitated (IP) with an anti-FLAG antibody and probed with an anti-p73 antibody. c, the interaction between overexpressed TAp73 or p73-TAD and endogenous Bcl-X L . Lysates from GFP-TAp73 overexpressed H1299 cells were immunoprecipitated with an anti-Bcl-X L antibody and probed with an anti-GFP antibody. The same input sample was divided into two fractions, each of which was then used for immunoprecipitation in lanes 1 and 2 (IgG) or lanes 3 and 4 (Bcl-X L ). d, the interaction between endogenous TAp73 and Bcl-X L or Bcl-2. H1299 cells were treated with 50 M etoposide, and then the cell lysates were immunoprecipitated with an anti-Bcl-X L or anti-Bcl-2 antibody and probed with an anti-p73 antibody. e, p73-TAD liberates a pro-apoptotic BH3-only protein Bid from Bcl-X L . Immunoprecipitation experiments were performed to detect the competition of TAp73 with Bid for binding to endogenous Bcl-X L . HEK293T cells were transfected with pCMV-Myc-Bid and peGFP-C3-TAp73. The cell lysates were immunoprecipitated with an anti-Bcl-X L antibody and probed with the indicated antibodies. f, immunoprecipitation experiments were performed to detect the competition of p73-TAD with Bid for binding to endogenous Bcl-X L . HEK293T cells were transfected with pCMV-Myc-Bid and peGFP-C3-p73-TAD.
H1299 cells transfected with Bcl-X L and either TAp73 or p73-TAD. The cell viability assay and DNA fragmentation assay data showed that the transcription-independent apoptosis induced by TAp73 or p73-TAD was blocked by overexpression of Bcl-X L (Figs. S4A and S2C). In addition, the release of mitochondrial cytochrome c induced by TAp73 or p73-TAD was significantly prevented by excess Bcl-X L (Fig. S4C) . Thus, our results indicated that Bcl-X L overexpression could rescue cells from apoptosis induced by TAp73 and p73-TAD.
p73-TAD liberates pro-apoptotic Bid from Bcl-X L
Based on the previous finding that Bcl-X L interacts directly with the pro-apoptotic BH3-only protein Bid (23, 30) , we hypothesized that p73 may compete with Bid for Bcl-X L binding. To test this hypothesis, we performed competition experiments using immunoprecipitation with endogenous Bcl-X L , Myc-Bid, and GFP-TAp73 or GFP-p73-TAD (Fig. 2 , e and f). Bid was associated with endogenous Bcl-X L , but not with TAp73 ( Fig. S3) . Notably, we found that both TAp73 and p73-TAD disrupted the Bcl-X L -Bid complex by associating with Bcl-X L , releasing Bid in a dose-dependent manner. Thus, our results suggest that p73-TAD triggers transcription-independent mitochondrial apoptosis by liberating the direct apoptotic activator Bid from Bcl-X L sequestration.
p73-TAD16 mediates transcription-independent apoptosis via Bcl-X L binding
Despite the low sequence identity among p53 family TADs, the FXXWXXL motif (where indicates a bulky hydrophobic residue, and X indicates any residue, respectively) within these domains is highly conserved (Fig. S1B ). Our recent studies showed that p53-TAD binds to anti-apoptotic Bcl-2 family proteins via the FXXWXXL motif (20 -22) . To test whether the homologous motif in p73-TAD is responsible for Bcl-X L binding, we performed immunoprecipitation experiments with a GFP-tagged 16-mer p73-TAD peptide (residues 10 -25, referred to as p73-TAD16) containing the FXXWXXL motif. The results showed that GFP-p73-TAD16 bound specifically to Bcl-X L (Fig. 3a) .
To examine whether the Bcl-X L -binding motif alone is competent to induce transcription-independent apoptosis, we performed cell viability and apoptosis assays with p73-TAD16. Cell viability, caspase-3/7 activity, and DNA fragmentation assays demonstrated that p73-TAD16 can trigger transcription-independent apoptosis at a comparable level to p73-TAD (Fig. 3, b and c) and that this apoptosis can be blocked by overexpression of Bcl-X L (Figs. S4B and S2D ). In addition, p73-TAD16 induced the release of cytochrome c from the mitochondria (Fig. 3d) , suggesting that it induces transcription-independent apoptosis via a mitochondrial pathway.
To further analyze whether binding of p73-TAD16 to Bcl-X L is required to mediate transcription-independent p73-induced apoptosis, we generated TAp73 and p73-TAD mutants lacking p73-TAD16 to disrupt the Bcl-X L binding of p73-TAD16 and tested the ability of the mutants to trigger apoptosis using a caspase-3/7 activity assay. The TAp73(⌬1-25) and p73-TAD(⌬1-25) mutants caused a substantial loss of apoptotic activity relative to WT TAp73 and p73-TAD (Fig. 3e) . This indicated that the interaction between p73-TAD16 and Bcl-X L is critical for the induction of transcription-independent p73-mediated apoptosis. Collectively, these results suggested that p73-TAD16 mediates transcription-independent apoptosis via direct interaction with Bcl-X L .
Solution structure of the Bcl-X L /p73-TAD16 peptide complex
To characterize the molecular interaction between Bcl-X L and the p73-TAD16 peptide, we monitored the chemical shift perturbations of Bcl-X L titrated with the p73-TAD16 peptide using NMR spectroscopy ( Fig. 4a and Fig. S5) . The 2D 1 H-15 N HSQC spectra showed that a majority of the Bcl-X L cross-peaks moved significantly upon binding to the p73-TAD16 peptide (Fig. S6) . The chemical shift perturbations of Bcl-X L induced by p73-TAD16 peptide binding were mapped primarily to the ␣2-␣5 and ␣8 helices, corresponding to the BH1, BH2, and BH3 domains (Fig. 4a) , indicating that this region is involved in binding to the p73-TAD16 peptide.
To gain structural insights into the molecular interaction between Bcl-X L and the p73-TAD16 peptide, we determined the solution structure of the Bcl-X L -p73-TAD16 peptide complex using NMR spectroscopy (Fig. 4b) . The structural statistics of an ensemble of the final 20 lowest-energy NMR structures are shown in Table 1 . Intermolecular NOEs in the complex are listed in Table 2 , and a strip of the 13 C, 15 N-filtered, edited NOESY spectra is shown in Fig. S7 .
Consistent with the chemical shift perturbations observed (Fig. 4a) , the p73-TAD16 peptide binds to a hydrophobic groove of Bcl-X L , in which the BH1, BH2, and BH3 domains and ␣3 helix are clustered together. Although the p73-TAD16 peptide is intrinsically disordered in the free state (31), the residues Phe 15 -Leu 22 of the peptide adopt an amphipathic ␣-helix upon binding to Bcl-X L (Fig. S8) , with the hydrophobic residues facing the hydrophobic groove of Bcl-X L and the remaining hydrophilic residues being exposed to the solvent (Fig. 4c) . Structural comparison between the Bcl-X L -p73-TAD16 peptide and Bcl-X L -BH3 peptides (in Bak (32), Bad (33), Bim (34), and PUMA (35)) complexes showed that the overall fold of Bcl-X L bound to the p73-TAD16 peptide is similar to those of the Bcl-X L -BH3 peptide complexes (Fig. S9) .
Binding interface between Bcl-X L and p73-TAD16 peptide
As observed in the Bcl-X L -Bad BH3 peptide (33) and Bcl-X L -Bim BH3 peptide (34) and Phe 15 in the p73-TAD16 peptide, respectively ( Fig. 4d and  Fig. S6C) . Consistent with the intermolecular -stacking interaction observed in the structure of the Bcl-X L -PUMA BH3 peptide complex (35) , these interactions may significantly contribute to the stability of the protein complex.
To identify the major determinants of the binding of the p73-TAD16 peptide to Bcl-X L , we performed NMR-binding experiments using mutant p73-TAD16 peptides with alanine substitutions (F15A, L18A, W19A, and L22A). As shown in the 2D 1 H-15 N HSQC spectra of 15 N-labeled Bcl-X L with the mutant peptides (Fig. S10A) 19 , and Leu 22 of the p73-TAD16 peptide completely abolished the NMR chemical shift perturbations observed in the binding with the WT peptide. These data indicate that the bulky hydrophobic residues in the FXXWXXL motif of p73-TAD are critical for the interaction between Bcl-X L and the p73-TAD16 peptide. Previous p73-TAD mutagenesis results showed that mutations at F15A, W19A, and L22A are the most disruptive to MDM2 binding (36) . Thus, the major binding determinants for Bcl-X L and p73-TAD are identical to those for MDM2 and p73-TAD.
To confirm whether binding of p73-TAD16 to Bcl-X L is required for transcription-independent p73-induced apoptosis, we generated a TAp73(4A) mutant containing (F15A/ L18A/W19A/L22A) mutations and carried out a caspase-3/7 activity assay. The TAp73(4A) mutant resulted in a substantial loss of apoptotic activity relative to WT TAp73 (Fig. S10B) .
A modified mode of Bcl-X L recognition by p73-TAD
Despite the overall similarity between them (Fig. S9) , the structure of the Bcl-X L -p73-TAD16 peptide complex exhibits noticeable differences with those of Bcl-X L -BH3 peptide complexes (32) (33) (34) (35) . The p73-TAD16 peptide binds to a unique site in Bcl-X L (Fig. 5, a and b) , which is different from the canonical binding groove of pro-apoptotic BH3 peptides. Previously, proapoptotic BH3 peptides in Bak (32), Bad (33), Bid (30) , and PUMA (35) were shown to bind to a canonical groove formed by the BH1 and BH3 domains in Bcl-X L (Fig. 5, c-f) . In contrast, the p73-TAD16 peptide binds to a noncanonical site comprising the BH1, BH2, and BH3 domains in Bcl-X L (Fig. 5a) . At the binding interface, the nine Bcl-X L residues involved in the interaction with the six residues of the p73-TAD16 peptide (Phe 15 (Fig. 5b) . Additionally, the p73-TAD16 peptide binds to Bcl-X L in an opposite orientation to those of pro-apoptotic BH3 peptides in Bak (32), Bad (33), Bid (30) , and PUMA (35) (Fig. 5) .
Although our studies mainly focused on the p73-Bcl-X L interaction to compare with the previously reported mechanism for the p53-Bcl-X L interaction (17, 20, 22) , the GST pulldown assay data (Fig. 2a) suggested that p73-TAD might also interact with Bcl-2 or Bcl-w to promote apoptosis. We further performed NMR-binding experiments of Bcl-2 or Bcl-w with p73-TAD16 peptide. Significant NMR chemical shift perturbations demonstrated that the p73-TAD16 peptide directly binds to both Bcl-2 and Bcl-w (Fig. S11, A and C) . The binding site mapping showed that the p73-TAD16 peptide-binding site on Bcl-2 overlaps well with the pro-apoptotic BH3 peptide-binding site (Fig. S11B) . These results suggest that p73-TAD inhibits Bcl-2 or Bcl-w through a direct interaction, in a similar manner as observed with Bcl-X L .
Discussion
Because past studies have extensively focused on transcription-dependent apoptosis of p73, the cytoplasmic apoptotic function of p73 is poorly understood. In this study, we demonstrated that in response to apoptotic stimuli, p73 directly induces transcription-independent apoptosis, accompanied by cytochrome c release from the mitochondria, via a mitochondrial pathway. Our results also showed that induction of transcription-independent apoptosis by p73 is mediated by the interaction between p73-TAD and Bcl-X L . Competition experiments using immunoprecipitation suggest a possible mechanism of how the interaction between p73 and Bcl-X L triggers transcription-independent apoptosis. The interaction between p73-TAD and Bcl-X L displaces an inhibitory interaction between the anti-apoptotic Bcl-X L and the pro-apoptotic BH3-only protein Bid. As shown previously (37, 38), the released Bid is then free to directly activate pro-apoptotic effector proteins, Bax and Bak, leading to cytochrome c release from mitochondria. Collectively, we propose that p73 acts as a sensitizer (or derepressor) BH3-only protein by releasing a direct activator Bid from anti-apoptotic Bcl-X L and thereby triggering mitochondrial apoptosis.
Furthermore, the substantial loss of apoptosis with p73 mutants lacking p73-TAD16 showed that binding of p73-TAD16 to Bcl-X L is critical for the induction of transcriptionindependent apoptosis, and structure determination of the Bcl-X L -p73-TAD16 peptide complex revealed a molecular basis for the binding of Bcl-X L by p73. Despite the lack of BH3 domain in p73, the p73-TAD16 peptide folds into an amphipathic ␣-helix, which binds to a hydrophobic groove within Bcl-X L . Structural comparison with the Bcl-X L -Bid BH3 peptide complex (30) showed that the Bcl-X L -binding sites for the p73-TAD16 and Bid BH3 peptides overlap significantly (Fig. 5) , supporting that p73-TAD could compete with Bid for Bcl-X L binding.
The suggested mechanism for transcription-independent p73-mediated apoptosis is similar to that of p53 (12) (13) (14) (15) . Under pro-apoptotic conditions, p53 facilitates the release of pro-apoptotic Bid and Bax by associating with Bcl-X L and Bcl-2 (12). p53 is able to directly permeabilize the outer mitochondrial membrane, through the pore formation of Bax and Bak, and 
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induces cytochrome c release from the mitochondria, which activates the caspase cascade and eventually results in transcription-independent apoptosis. This suggests a high degree of evolutionary conservation between p53 and p73 in cytoplasmic apoptotic function. Despite the similarity in the Bcl-X L -binding mechanism between p73-TAD and pro-apoptotic BH3 peptides, the structure of the Bcl-X L -p73-TAD16 peptide complex revealed a novel recognition mode of anti-apoptotic Bcl-2 family proteins. First, the p73-TAD16 peptide binds to a unique site in Bcl-X L , which is different from the canonical BH3 peptide-binding groove. Most of the residues in the pro-apoptotic BH3 peptides of Bak (32), Bad (33), Bim (34) , and PUMA (35) hardly make any contact with residues from the BH2 domain, interacting only with residues from the BH1 and BH3 domains in Bcl-X L . However, the p73-TAD16 peptide equally contacts the nine residues from the BH1, BH2, and BH3 domains (three residues from each BH domain) in Bcl-X L (Fig. 5b) . This difference may arise from the fact that the p73-TAD16 peptide is shifted toward the C terminus of Bcl-X L , compared with the BH3 peptides, allowing it to localize at the center of the BH1, BH2, and BH3 domains. Second, the binding orientation of the p73-TAD16 peptide toward Bcl-X L is opposite to that of the pro-apoptotic BH3 peptides. This is consistent with the orientation of the p53-TAD1 peptide (residues 15-29) bound to Bcl-X L suggested previously by modeling studies (22) . This noncanonical mode of Bcl-X L recognition by p73-TAD could be an alternative way of target protein recognition by anti-apoptotic Bcl-2 family proteins, which provides a novel structural rationale for the design of anticancer therapeutics against anti-apoptotic Bcl-2 family proteins.
Within the nucleus, p73 is known to exert transcription-dependent apoptosis by transactivating pro-apoptotic genes such as Bax and PUMA (6) . This transcriptional activity of nuclear p73 is negatively regulated by MDM2 binding (39) . Recently, our previous study showed that the p73-TAD16 peptide also acts as a binding motif for MDM2 (36) . In combination with mutagenesis data (Fig. S10A) , the structural comparison between MDM2-p73-TAD16 peptide (36) and Bcl-X L -p73-TAD16 peptide complexes revealed that MDM2 and Bcl-X L share a remarkably similar mode of interaction with the p73-TAD16 peptide, despite the large difference in their global folds (Fig. S12) . The same key hydrophobic residues in the p73-TAD16 peptide (Phe 15 , Trp
19
, and Leu 22 in FXXWXXL motif), which are aligned on one face of the amphipathic ␣-helix, are critical binding determinants for both MDM2 and Bcl-X L . In particular, the aromatic ring of Trp 19 binds tightly into the hydrophobic grooves in MDM2 and Bcl-X L , making the largest contribution to the forming both of the complexes. Taken together, the interaction of p73 with Bcl-X L closely mimics that of p73 with MDM2. Hence, ␣-helical p73-TAD peptide motif-based interactions represent a highly conserved mechanism for apoptosis regulation of p73 in the transcription-dependent and transcription-independent pathways. Both MDM2 and Bcl-X L are well-known to be attractive targets for anticancer therapy (25, 40) , because they are involved in the apoptotic regulation of cancer cells. Because concomitant inhibition of MDM2 and an anti-apoptotic Bcl-2 family protein induces a synergistic effect on apoptosis in acute myeloid leukemia (41), multitargeting of MDM2 and anti-apoptotic Bcl-2 family proteins can be an effective strategy for anticancer therapy. A high similarity between the binding modes of the p73-TAD16 peptide to MDM2 and Bcl-X L suggests the possibility to design a single peptidomimetic drug targeting both MDM2 and anti-apoptotic Bcl-2 family proteins. Thus, the complex structure revealed here will serve as a useful template for the rational design of multitargeting anticancer therapeutics.
In summary, we demonstrated a novel transcription-independent apoptotic function of p73 in the mitochondrial pathway. We showed that this apoptosis is mediated by the interaction between p73-TAD and anti-apoptotic Bcl-X L . The complex structure revealed a modified mode of Bcl-X L recognition by the p73-TAD16 peptide, which is distinguished from the canonical binding mode of anti-apoptotic Bcl-2 family proteins and pro-apoptotic BH3 domains. Our studies will contribute to molecular understanding of transcription-independent p73-mediated apoptosis, which may have important implications in anticancer therapy.
Experimental procedures
Cell culture and plasmid constructs
The p53-null human lung cancer cell line H1299 was grown in Dulbecco's modified Eagle's medium supplemented with Figure 5 . A modified mode of Bcl-X L recognition by p73-TAD. a, structure of the p73-TAD16 peptide bound to Bcl-X L . The p73-TAD16 peptide, shown in light green, is located at the center of the BH1, BH2, and BH3 domains, allowing it to interact with the residues from all three BH domains. b, the p73-TAD16 peptide is equally involved in the interaction with the Bcl-X L residues from the BH1, BH2, and BH3 domains. c, structures of Bcl-X L in complex with the pro-apoptotic BH3 peptides of Bak (PDB code 1BXL). The ␣1 helix, which is not involved in any peptide binding, is not shown for clarity. d, structure of Bcl-X L in complex with the pro-apoptotic BH3 peptides of Bad (PDB code 1G5J). e, structure of Bcl-X L in complex with the pro-apoptotic BH3 peptides of Bid (PDB code 4QVE). f, structure of Bcl-X L in complex with the pro-apoptotic BH3 peptides of PUMA (PDB code 2M04).
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10% fetal bovine serum. HEK293T cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 g/ml). The cells were maintained at 37°C in a humidified 5% CO 2 atmosphere. All p73 constructs, including TAp73, p73-TAD (residues 1-67), and p73-TAD16 (residues 10 -25), were subcloned into the peGFP-C3 vector. FLAG-tagged Bcl-X L , Bcl-2, and Bcl-w were generated by inserting each construct into the pCMV2-FLAG vector. GST-tagged p73-TAD and Myc-tagged Bid were inserted into the pEBG and pCMV-Myc vectors, respectively.
Immunoblotting
Cell lysates were boiled in SDS sample buffer, resolved by SDS-PAGE (10 or 15% polyacrylamide), and transferred to polyvinylidene fluoride membranes. After transfer, the membranes were blocked in 5% milk in TBS and Tween 20 (TBST; 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.05% Tween 20) for 60 min and incubated with primary antibody in 5% milk in TBST for 2 h at room temperature. The membranes were washed three times with TBST and incubated for 1 h at room temperature in TBST containing horseradish peroxidaselinked anti-IgG. After three washes in TBST, immunoreactive products were detected by chemiluminescence with an ECL system (Thermo Scientific). Antibodies specific for Bcl-X L (1:1000 dilution, Cell Signaling Technology, clone 54H6), TAp73 (1:1000 dilution, Bethyl Laboratories Inc., catalog no. A300-126A; 1:500 dilution, Abcam, catalog no. ab137797), Bid 
Immunoprecipitation
For endogenous protein complexes, cell lysates from HEK293T cells were immunoprecipitated with 1 g of antibody and immunoblotted. Briefly, whole-cell lysates obtained using a radioimmunoprecipitation assay were immunoprecipitated with rabbit IgG and anti-Bcl-X L antibodies and incubated with 20 l of antibody plus protein-Sepharose beads (GE Healthcare) for 2 h. The beads were washed three times with buffer (150 mM NaCl, 20 mM Tris⅐HCl, pH 7.5, 0.5% Nonidet P-40). To verify that equivalent amounts of cell lysate were used in the immunoprecipitates, a sample representing 0.01% of the total lysate (input) was included.
Cell viability assay
The cells were seeded in 96-well plates, allowed to attach for 24 h, and then transfected with a p73-expressing plasmid. 24 h after transfection, the number of viable cells was determined using a tetrazolium salt reduction assay (EZ-Cytox cell proliferation assay, lipopolysaccharide (LPS) solution) according to the manufacturer's protocol. Three replicates were performed for each treatment.
Colony formation assay
Clonogenic cell survival was evaluated in a colony-formation assay. Ten thousand cells were seeded in 6-well dishes 1 day before transient transfection. The cells were then transfected using Lipofectamine 2000 (Invitrogen) transfection reagent and allowed to grow and form colonies under selection with G418 sulfate (200 g/l). After 2 weeks of incubation, the cells were fixed with 3.7% formaldehyde and stained with crystal violet. Colonies larger than 0.6 mm in diameter were counted. Three replicates were performed for each treatment.
DNA fragmentation assay
The H1299 cells of 2 ϫ 10 5 were seeded in 12-well plates; transfected with the TAp73, p73-TAD, and p73-TAD16 plasmid constructs; and incubated for 24 h. Then the cells were collected for fixation with 70% ethanol and kept in the fixative for at least 12 h. The apoptotic cells were determined using a DNA fragmentation assay (solution 3 (1 g/ml 4Ј6-diamidino-2-phenyldole, 0.1% Triton X-100 in PBS); Chemometech) according to the manufacturer's protocol.
Apoptosis assay
For annexin V-APC staining by FACS analysis, APC-conjugated annexin V (BD Biosciences) and 7-aminoactinomycin (7-AAD) were used to determine the percentage of cells undergoing apoptosis. Flow cytometry data were collected using a FACSCalibur 4 color flow cytometer (BD Biosciences, San Jose, CA) and CellQuest TM software version 6. The H1299 cells transfected with TAp73 and p73-TAD were stained by TUNEL using an in situ cell death detection kit, TMR red (Roche) according to the manufacturer's instructions and visualized by a confocal microscope (Zeiss LSM800). Caspase-3/7 activity was measured using Caspase-Glo 3/7 assay kit (Promega) according to the manufacturer's instructions.
Cytochrome c release assay
The H1299 cells were co-transfected with peGFP-C3-TAp73, peGFP-C3-p73-TAD, or peGFP-C3 control vector with or without pCMV2-FLAG-Bcl-X L using Lipofectamine 2000. Cytochrome c release was detected 16 h after transfection, using a cytochrome c apoptosis detection kit (Thermo Scientific) according to the manufacturer's instructions.
GST pulldown assay
48 h after co-transfection, HEK293T cells were harvested, washed in PBS, and lysed in a lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, and 1% glycerol, supplemented with Complete-MINI (Roche). The resultant lysates were centrifuged at 15,000 ϫ g for 15 min, and the supernatants were subjected to a GST pulldown assay. For the GST pulldown assay, 500 g of lysates was mixed with 50 l of GSH agarose beads (GE Healthcare) at 4°C for 4 h with gentle shaking. The protein complexes were collected by centrifugation, washed three times with lysis buffer, and then A modified mode of Bcl-X L recognition by p73 boiled in SDS sample buffer for 5 min to elute protein complexes from the GSH-agarose beads. The reducing agent was added back to the eluted samples before they were processed for SDS-PAGE and subsequent immunoblot analysis. For immunoblotting, proteins separated by SDS-PAGE were transferred to polyvinylidene fluoride membranes (Millipore) and immunoblotted with antibodies according to the manufacturer's instructions. Primary antibodies were detected with either anti-rabbit or anti-mouse antisera conjugated to horseradish peroxidase (Santa Cruz Biotechnology) and then visualized using electrochemiluminescence. The antibodies against ␣-FLAG and ␣-GST were purchased from Sigma.
Protein expression and purification
For structure determination, a Bcl-X L construct lacking the ␣1-␣2 loop (residues 45-84) and the C-terminal transmembrane domain (residues 212-233) was expressed and purified as previously described (22) . For NMR experiments, isotope-labeled Bcl-X L proteins were grown in M9 medium containing 1 g of 15 N-NH 4 Cl for 15 N-labeled Bcl-X L or 1 g of 15 N-NH 4 Cl and 2 g of 13 C-glucose for 13 C, 15 N-labeled Bcl-X L .
Peptide synthesis
Various versions of p73-TAD-derived peptides were purchased from Peptron, Inc. (Daejeon, Republic of Korea). The peptides were synthesized and purified by HPLC at a purity of Ͼ95%. The peptide sequences were as follows: WT p73-TAD16, DGGTTFEHL-WSSLEPD; p73-TAD13, TTFEHLWSSLEPD; p73-TAD16(F15A), DGGTTAEHLWSSLEPD; p73-TAD16(L18A), DGGTTFE-HAWSSLEPD; p73-TAD16(W19A), DGGTTFEHLASSLEPD; and p73-TAD16(L22A), DGGTTFEHLWSSAEPD.
NMR spectroscopy
All NMR data were acquired at 25°C on Bruker Avance II 800 spectrometers equipped with cryogenic probes at Korea Basic Science Institute (Ochang, Republic of Korea). All NMR samples were prepared in a buffer containing 20 mM sodium phosphate (pH 6.5), 150 mM NaCl, 2 mM DTT, and 10% (v/v) D 2 O. The interaction of Bcl-X L with p73-TAD16 peptide was monitored by measuring a series of 2D 1 H-15 N HSQC spectra of 1 mM 15 N-labeled Bcl-X L in the absence or presence of unlabeled p73-TAD16 peptide up to a molar ratio of 1:4. Although full saturation could not be reached because of limitation in the protein solubility, the NMR titration experiments showed that a molar ratio of 1:2 (Bcl-X L :p73-TAD16 peptide) was close to a saturation point (Fig. S6B) 2 } 1/2 . The sequence-specific backbone assignments were accomplished using 3D HNCACB and CBCA(CO)NH, and side-chain assignments were made using 3D HCCH-TOCSY and (H)CCH-TOCSY experiments (42) with 1 mM 15 N, 13 C-labeled Bcl-X L in complex with 2 mM unlabeled p73-TAD16 peptide. Distance constraints were collected from simultaneous 3D 13 C/ 15 N-edited NOESY-HSQC spectra (43) ( m ϭ 250 ms). The distance restraints of the p73-TAD16 peptide bound to Bcl-X L were obtained using 2D transferred NOESY (44) experiment at a molar ratio of 10:1 ( m ϭ 250 ms). The intermolecular NOEs between Bcl-X L and the p73-TAD16 peptide were collected from 15 N/ 13 C-edited, 15 N/ 13 C-filtered 3D NOESY (45) ( m ϭ 250 ms). NMR data were processed with NMRPipe (46) and analyzed using CARA (47) .
Structure calculation
The complex structures of Bcl-X L and the p73-TAD16 peptide were calculated separately via a simulated annealing protocol using the Xplor-NIH program (48) . For the bound Bcl-X L , the TALOS program (49) was used to predict and dihedral angles. The secondary structure of the bound Bcl-X L was predicted based on the artificial neural network-predicted secondary structure from the chemical shifts within the TALOSϩ program and the medium-range NOE patterns. Generic hydrogen bond restraints were employed for the residues at well-defined ␣-helical regions. The interproton distances were obtained from the NOE peaks from NOESY experiments based on their intensities. For the bound p73-TAD16 peptide, the secondary structures were predicted from the secondary H ␣ chemical shift using the three different sets of random coil values (50 -52) and the NOE connectivities (Fig. S8) . Generic hydrogen bond and dihedral angle restraints were used for the residues at the welldefined ␣-helical region. Peak intensities from transferred NOESY spectra were translated into the interproton distance restraints. The structure of p73-TAD16 peptide bound to Bcl-X L was calculated using distance restraints derived from the transferred NOESY spectra (Fig. S8) (44) . The intermolecular NOEs were obtained from 13 C, 15 N-filtered, edited NOESY spectra of 13 C, 15 N-labeled Bcl-X L bound to unlabeled p73-TAD16 peptide. The solution structure of the Bcl-X L -p73-TAD16 peptide complex was calculated using these intermolecular NOEs. The initial complex structure was obtained by docking the p73-TAD16 peptide to Bcl-X L using conjoined rigid body/torsion angle dynamics (53) and performing further simulated annealing refinement against all of the experimental restraints listed above. Finally, the structures were refined using CNS (54) energy minimization with explicit water. An ensemble of the 20 lowest-energy structures was used for validation with PROCHECK-NMR (55) .
Statistical analysis
The data are represented as means Ϯ S.D., and statistics were performed using one-way analysis of variance (ANOVA) or Student's t test. Means Ϯ S.D. for n Ն 3 are shown in figures. A p value of less than 0.05 was considered statistically significant.
